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CHAPTER  1 


INTRODUCTION 

Closely-spaced  groups  of  piles  can  be  used  in  a 
variety  of  structures  to  support  lateral  loads.  These 
structures  include  lock-and-dam  structures,  bridge 
foundations,  waterfront  structures,  and  offshore 
platforms.  The  use  of  closely-spaced  piles  in  a  group  for 
offshore  platforms  has  increased  in  recent  years  as 
platforms  are  placed  in  deeper  water  and  in  more  severe 
environments.  Under  such  conditions  it  is  desirable  to 
minimize  the  number  of  legs  supporting  the  platform;  thus, 
reducing  environmental  lateral  loads  on  the  structure  from 
waves  and  currents.  The  use  of  groups  of  piles  allows  the 
number  of  legs  to  be  minimized. 

To  provide  a  better  understanding  of  the 
behavior  of  closely-spaced  piles  in  a  group,  load  tests 
were  performed  on  a  large-scale,  well-instrumented  group 
of  piles  in  sand,  and  a  similar  single  pile.  A  3  x  3 
group  of  piles  and  a  single  pile,  installed  in  Houston  for 
previous  research  projects,  were  used  for  the  load  tests. 
The  native-clay  soil  was  removed  from  the  upper  portion  of 
the  piles  and  replaced  with  clean  sand.  The  piles  were 
instrumented  for  the  measurement  of  load  deflections, 
slopes  at  the  tops  of  the  piles,  and  of  bending  moments  at 


various  depths  along  the  piles.  Cyclic,  lateral  loads 
were  then  applied  to  the  piles,  and  the  response  of  the 
instrumentation  was  recorded.  The  results  of  the  load 
tests  were  used  to  generate  load-vs .-deflection  curves  for 
the  tops  of  the  piles,  moment  curves  as  a  function  of  pile 
length,  load- vs . -maximum  moment  curves,  and  p-y  (soil 
response)  curves  for  both  the  group  of  piles  and  the 
single  pile. 

The  results  of  the  load  tests  were  compared  with 
the  results  of  several  current  design  methods.  The 
methods  included  an  elastic  method  (computer  program 
DEFPIG),  the  Focht-Koch  method,  the  single-pile  method, 
and  the  Bogard-Mat lock  method.  Because  none  of  the 


methods  that  were  studied  provided  entirely  satisfactory 
results,  an  analytical  procedure  is  provided  which  yields 
good  agreement  with  the  results  of  the  load-test. 


CHAPTER  2 


SITE  PREPARATION  AND  SOIL  PROPERTIES 

INTRODUCTION 

The  load  tests  were  performed  at  a  site  on  the 
campus  of  the  University  of  Houston  in  Houston,  Texas. 
The  site  was  selected  because  a  nine-pile  group  and 
several  single  piles  had  been  installed  at  the  site  for  a 
previous  research  project.  The  pile  group  and  one  single 
pile  were  in  good  condition,  and  were  suitable  for  use  in 
this  project.  Using  these  piles  resulted  in  saving  the 
cost  of  purchasing  and  installing  piles  at  a  new  site. 
Because  the  objective  of  this  project  was  to  measure  the 
behavior  of  a  pile  group  in  sand,  and  the  soil  at  the 
selected  site  was  an  overconsolidated  clay,  a  considerable 
volume  of  the  native  soil  was  removed  and  replaced  with  a 
suitable  sand. 

DESCRIPTION  OF  SITE 

The  native  surface  soils  at  the  test  site 
consist  of  stiff  over-consolidated  clays.  The  surface 
layer,  know  locally  as  Beaumont  clay,  is  a  very  stiff, 
highly-plast ic  clay  which  was  overconsolidated  by 
desiccation.  The  clay  contains  numerous  fissures  and 
slickensides  and  has  a  depth  of  24  feet.  Below  this  layer 
is  the  Montgomery  formation,  another  desiccated  clay  with 
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fewer  fissures  and  some  seams  of  fine,  silty  sand.  The 


properties  of  the  soil  at  this  site  have  been  documented 


in  detail  by  Mahar  and  O'Neill  (1983) 


A  group  of  nine,  10 . 75-in . -diameter,  steel-pipe 


piles  with  a  spacing  of  three  diameters  and  a  similar 


single  pile  had  been  installed  at  the  site  for  previous 


research  projects.  These  piles  were  used  in  this 


investigation  and  are  described  in  detail  in  Chapter  3.  A 


2-ft-deep  pit  had  been  excavated  around  the  piles  for  a 


previous  research  project.  All  elevations  quoted  in  this 


report  are  referenced  to  the  bottom  of  this  shallow  pit, 


not  to  the  original  ground  surface.  A  drilled  shaft  6  ft 


in  diameter  and  36  ft  deep  had  been  installed  at  the  site 


and  was  used  in  this  project  as  a  reaction  for  the  load 


test  of  the  pile  group.  A  48-in.  pipe  pile  had  been 


installed  at  the  site  and  was  used  in  this  project  as  a 


reaction  for  the  load  test  of  the  single  pile.  Two  48- 


in. -diameter  casings  had  been  installed  at  the  site  and 


were  used  as  supports  for  the  reference  frame.  Figure  2.1 


shows  the  site  with  all  relevant  structures.  Each  pile  in 


the  group  was  given  a  letter  label.  The  pile  group  and 


these  labels  are  shown  in  Fig.  2.2. 
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Fig.  2.2.  Group  pile  labels. 


EXCAVATION 


In  July  1983,  the  native  clay  around  the  pile 
group  and  around  the  single  pile  was  removed  to  a  depth  of 
9  1/2  feet.  Most  of  the  clay  was  excavated  with  a 
backhoe,  though  some  hand  excavation  was  required  between 
the  piles  of  the  pile  group.  The  surface  of  each  pile  was 
scraped  with  a  wire  brush,  and  then  sprayed  clean  with 
water  to  ensure  that  no  clay  remained  on  any  of  the  piles. 
A  plan  view  of  the  excavation  is  shown  in  Fig.  2.3.  An 
elevation  view  is  shown  in  Fig.  2.4.  Sketches  of  PVC  pipe 
are  shown  in  the  figures.  The  function  of  the  pipe  will 
be  described  later.  The  dimensions  of  the  excavation  were 
chosen  so  that  the  expected  surfaces  of  the  soil  failure 
would  lie  entirely  within  the  mass  of  sand. 

The  side  slopes  of  the  excavation  were  left 
unsupported  for  one  week  while  the  strain  gauges  were 
placed  on  the  single  pile,  and  for  the  two  weeks  required 
to  place  the  sand.  Early  during  this  three  week  period, 
chunks  of  clay  ranging  in  size  from  several  inches  to 
several  feet  in  diameter  would  slough  off  of  the  side 
slopes.  This  was  thought  to  be  due  to  the  drying  of  the 
fissured  clay  after  being  exposed  to  the  air.  The 
sloughing  was  remedied  by  covering  f he  side  slopes  with 
sheets  of  clear  plastic  which  retarded  or  minimized  loss 
of  moisture  from  the  clav. 


PLACEMENT  OF  SAND 

Because  it  was  desired  to  test  the  piles  while 
the  sand  was  saturated,  and  because  it  is  difficult  to 
saturate  a  soil  completely  by  flooding  it  from  the  top,  a 
system  of  pipes  was  constructed  to  introduce  water  to  the 
bottom  of  the  mass  of  sand.  The  system  consisted  of  4 
long  and  2  short  sections  of  4-in.,  perforated  PVC  pipe 
running  parallel  to  the  long  axis  of  the  excavation  into  a 
transverse,  horizontal  section  of  6-in.  PVC  pipe.  Two  6- 
in .  risers  led  to  the  surface.  This  system  is  shown  in 
Figs.  2.3  and  2.4.  The  system  was  useful  both  for 
introducing  water  to  the  sand,  and  for  pumping  water  out 
of  the  sand. 

The  sand  was  compacted  in  place  in  6-in.  layers. 
Sand  was  dumped  into  the  excavation  with  a  backhoe .  The 
plastic  sheets  on  the  side  slopes  ensured  that  no  clay  was 
mixed  with  the  sand.  The  sand  was  then  spread  with 
shovels  into  loose  layers  8  in.  thick.  A  small  vibratory- 
plate  compactor,  a  Dyna-pac  EY15,  was  used  to  compact  the 
sand.  The  vibratory-plate  compactor  is  shown  in  Fig.  2.5. 
Each  layer  was  subjected  to  three  passes  of  the  compactor. 
The  compactor  would  not  fit  between  the  northwest  and 
west-central  piles.  In  this  area,  and  around  the  sides  of 
all  piles,  a  hand  tamper  consisting  of  12  in.  by  12  in.  by 
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1  in.  plate,  attached  to  a  3-in.  hollow  rod,  was  used  to 
compact  the  sand.  The  hand  tamper  is  shown  in  Fig.  2.6. 

The  density  and  moisture  content  of  the  sand 
were  measured  using  a  nuclear  density  gauge.  The  device 
used  to  measure  density  is  shown  in  Fig.  2.7.  Density 
measurements  were  taken  at  nine  different  elevations.  The 
results  of  those  measurements,  dry  density  and  water 
content,  are  shown  in  Table  2.1. 

PROPERTIES  OF  SAND 

The  sand  used  in  this  investigation  was  a 
uniform,  fine-medium  sand.  Unified  Soil  Classification  SP . 
Sieve  analyses  were  performed  on  seven  samples  of  the  sand 
taken  at  random.  The  range  of  the  grain-size-distribution 
curves  obtained  is  shown  in  Fig.  2.8.  The  effective  grain 
size,  D10,  ranged  from  0.21  mm  to  0.24  mm.  The  coefficient 
of  uniformity,  Cu,  ranged  from  1.70  to  1.96.  The 
coefficient  of  curvature,  Cc,  ranged  from  0.88  to  1.32. 

The  angle  of  internal  friction,  as  measured  by  direct 
shear  tests,  was  38.5  degrees  for  sand  at  a  dry  density  of 
98.5  pcf.  A  photomicrograph  of  the  sand  used  in  this 
experiment  is  shown  in  Fig.  2.9. 

After  the  load  test  described  in  this  report  was 
performed,  Ochoa  and  O'Neill  (1986)  performed  several  cone 
penetration  tests  in  the  sand  mass.  One  test,  conducted 
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some  distance  away  from  the  group  of  piles  may  represnt 
initial  soil  conditions.  The  results  of  this  test  are 
presented  in  Fig.  2.10. 

CONCLUDING  COMMENT 

A  description  of  the  testing  site,  and  the 
modifications  made  to  the  site  in  preparation  for  the  load 
tests  described  in  this  report  were  presented  in  this 
chapter.  It  is  believed  that,  as  modified,  the  site 
provided  an  economical  and  experimentally  satisfactory 
opportunity  to  measure  the  behavior  of  a  group  of  piles  in 
sand  under  lateral  load,  and  to  compare  the  behavior  to 
that  of  a  similarly  loaded  single  pile. 


ANGLE  OF  INTERNAL  FRICTION,  <t>  DEGREES 
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After  installation  of  the  piles  a  concrete  cap 
was  cast  on  the  pile  group.  The  group  was  then  loaded 
axially  to  failure  several  times  during  1979  and  1980. 
The  axial  load  tests  are  described  by  O'Neill  et  al 
(1982b) .  The  dynamic  response  of  the  group  to  a  vibrator 
mounted  atop  the  pile  cap  was  measured  between  1980  and 
1982  . 

Starting  in  the  fall  of  1983,  the  pile  group  was 
prepared  for  a  lateral-load  test  .  The  concrete  pile  cap 
was  removed.  In  order  to  measure  bending  moment  in  the 
piles,  a  6  in.,  schedule  40,  steel  pipe  with  strain  gauges 
attached  at  11  different  elevations  was  grouted  inside 
each  pile  in  the  group.  This  instrumented  insert  pipe  is 
described  later.  After  installation  of  the  instrumented 
pipes,  the  piles  in  the  group  were  attached  with  pin 
connections  to  a  steel  loading  frame  to  which  the  load 
was  applied.  The  pile  group  was  then  subjected  to  a 
def lection-controlled,  cyclic,  lateral-load  test.  This 
load  test  is  described  in  detail  by  Brown  and  Reese 
(1985)  .  It  is  believed  that  none  of  the  piles  were 
stressed  above  the  elastic  limit  during  any  of  the  testing 
mentioned  above. 

Mflaaurement _ sl£ _ Bending _ Moment 

As  mentioned  previously,  an  instrumented  pipe 
had  been  inserted  and  grouted  into  each  of  the  piles  in 
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the  group  for  the  previous  lateral  load  test.  A  detailed 
account  of  the  fabrication  and  installation  of  the  insert 
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pipes  is  presented  by  Brown  and  Reese  (1985)  .  A  brief 
summary  is  presented  here.  Strain  gauges  were  placed  at 
11  elevations,  beginning  at  a  depth  of  1.0  ft  below  the 
surface  of  the  sand,  and  extending  to  a  depth  13.0  feet. 
Each  gauge-level  consisted  of  two  gauges  on  each  side  of 
the  pipe.  All  gauges  were  placed  parallel  to  the  axis  of 
the  pipe  and  were  wired  in  a  bridge  to  cancel  axial  load 
and  temperature  effects.  The  bridge  is  shown 
schematically  in  Fig.  3.1.  Lead  wires  were  attached  and 
the  gauges  were  waterproofed.  Spacers  were  attached  to 
the  insert  pipe  to  ensure  proper  centering  in  the  pile. 
Care  was  taken  to  ensure  that  the  gauges  lined  up  with  the 
direction  of  loading.  Cement  grout  was  pumped  down  the 
inside  of  each  insert  pipe,  and  allowed  to  flow  up  the 
annular  space  between  the  pile  and  the  insert  pipe.  Lead 
wires  ran  from  the  piles  through  PVC  pipe  into  the 
instrumentation  trailer  and  connected  with  the  data- 
acquisition  system.  A  schematic  drawing  of  the  pile  and 
insert  pipe  is  shown  in  Fig.  3.2.  After  the  excavation 
of  the  clay  described  in  Chapter  2,  and  before  the 
subsequent  placement  of  the  sand,  each  pile  was  subjected 
to  a  small  lateral  load  that  was  carefully  measured.  With 
the  pile  acting  as  a  cantilever  beam  over  the  depth  of 
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C  =  Compression  Side  Gauge 
T  =  Tension  Side  Gouge 


4 _  Measured  Voltage 

^ra*n  Gauge  Factor  x  Applied  Voltage 


Fig.  3.1.  Strain-gage  circuit  for  measurement  of  bending 
moment  (after  Brown  and  Reese,  1985)  . 
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Deflections  and  slopes  of  each  pile  in  the  group 
were  measured  using  the  system  developed  for  the  lateral¬ 
load  test  of  the  pile  group  in  clay.  The  deflections  at 
two  points  above  the  loading  point  on  each  pile  were 
measured  with  12-in./  conductive-plastic,  linear  poten¬ 
tiometers,  which  were  calibrated  prior  to  the  load  test. 
The  potentiometers  were  mounted  on  a  steel  reference  frame 
that  was  supported  by  two  48-in . -diameter  steel  casings 
that  extended  to  a  depth  of  50  feet.  The  reference  frame 
is  shown  in  Fig.  3.3. 

The  distances  between  the  two  potentiometers  on 
each  pile  were  measured  (ranging  from  38.875  in.  to  68.125 
in.)  and  recorded.  The  distances  from  the  loading  points 
up  to  the  bottom  potentiometers  were  also  measured  and 
recorded.  These  measurements  allowed  calculation  of  the 
deflection  and  slope  of  each  pile  at  the  loading  point. 

Two  additional  potentiometers  were  mounted  on 
the  reference  frame  and  attached  to  the  loading  frame 
described  in  the  following  section  in  order  to  measure  the 
rotation  of  the  frame  about  a  vertical  axis. 


When  the  load  test  of  the  pile  group  in  sand  was 
first  attempted,  a  structural  failure  occurred  in  which 
most  of  the  load  cells  were  bent.  This  structural  failure 
is  described  in  detail  in  Chapter  4.  New  load  cells  were 
designed  and  fabricated.  Each  of  the  new  load  cells 
consisted  of  a  2-in . -diameter  rod  of  cold-rolled  steel 
with  a  full  bridge  of  T-rosette  strain  gauges  attached  to 
the  outside  surface  and  waterproofed.  One  end  of  the  2- 
in. -diameter  rod  was  machined  to  a  diameter  of  1.25  in. 
and  cut  with  threads  to  match  those  of  the  clevis  for  the 
pin  connection  to  the  pile.  A  new  load  cell  and  its 
connection  to  the  loading  frame  and  the  pile  are  shown  in 
Fig.  3.6.  These  new  load  cells  survived  the  further 
testing  with  no  damage. 

A  hydraulic-loading  system  had  been  designed  for 
the  test  of  the  pile  group  in  clay.  The  system  was  used 
unchanged  for  the  load  test  described  in  this  report .  The 
6-f  t-diameter  drilled  shaft  on  the  site  was  used  as  a 
reaction.  A  steel  frame,  referred  to  henceforth  as  the 
reaction  frame,  was  welded  to  the  casing  on  the  drilled 
shaft.  Load  was  applied  with  a  12-in . -diameter-bore, 
double-acting  hydraulic  actuator,  manufactured  by  the 
Miller  Fluid  Power  Corporation.  The  actuator,  with  a  load 
cell  attached  to  the  ram,  was  bolted  to  both  the  reaction 
frame  and  the  loading  frame.  The  loading  system  is  shown 


in  Fig.  3.7.  An  MTS  model  510. 21B  hydraulic  pump  provided 
fluid  pressure  to  the  actuator. 


The  load-control  system  was  designed  for  the 
test  of  the  pile  group  in  clay.  The  actuator  and  pump 
were  controlled  by  an  MTS  servo  valve  and  a  Pegasus 
Electro  Hydraulic  Servo  Controller.  The  desired 
sinusoidal  loading  pattern  was  electronically  produced 
with  an  MTS  model  410  Digital  Function  Generator.  A 
linear  potentiometer  of  the  same  type  used  to  measure  pile 
deflections  provided  feedback  to  the  servo  controller. 
The  feedback  from  the  potentiometer  was  monitored  with  a 
Dana  model  5403  digital  voltmeter.  The  electronic  load- 
control  system  is  shown  in  Fig.  3.8.  For  the  first 
attempt,  the  feedback  potentiometer  was  mounted  on  the 
reference  frame  and  attached  to  the  loading  frame.  After 
the  structural  failure,  the  potentiometer  was  mounted  on 
the  hydraulic  actuator  and  attached  to  the  reaction  frame. 
The  reason  for  this  change  is  discussed  in  Chapter  4. 
Limit  switches,  which  would  shut  off  the  pump  if 
activated,  were  mounted  on  the  reference  frame  on  both 
sides  of  a  vertical  extension  of  the  actuator  clamp  plate. 
The  limit  switches  were  to  ensure  that  no  large  loads  that 
would  damage  the  piles  could  be  applied  accidentally. 


Photograph  of  electronic  load-control  system. 


The  data-acquisition  system  was  designed  for  the 
lateral-load  test  of  the  pile  group  in  clay.  The  system 
was  used  unchanged  for  the  load  described  in  this  report. 
All  strain-gauge  bridge  circuits,  linear  potentiometers, 
and  load  cells  were  supplied  an  input  potential  of  about  5 
volts  with  a  Hewlett-Packard  model  6267B  DC  power  supply. 
Under  the  control  of  a  Hewlett-Packard  microprocessor,  the 
applied  voltage  and  output  voltages  from  the  strain-gauge- 
bridge  circuits,  potentiometers  and  load  cells  were 


measured  and  converted  to  digital  signals  by  two  Hewlett- 
Packard  3497A  Data  Acquisition/Control  units.  The  digital 
signals  were  then  relayed  to  the  microprocessor  and  stored 
on  a  cassette  tape.  Using  the  previously  measured 
calibration  factors  for  all  the  measuring  devices  and  the 
measured  voltages,  the  microprocessor  then  calculated 
bending  moments,  deflections  and  slopes,  and  pile  loads. 
The  data  were  stored  on  magnetic  tape  but  could  be  printed 
on  paper  tape  as  the  testing  proceeded. 


APPARATUS  AND  INSTRUMENTATION  FOR  LOAD  TEST 
OF  SINGLE  PILE 


As  mentioned  previously,  the  single  pile  tested 
in  this  experiment  was  installed  in  1979.  The  outside 
diameter  of  the  steel-pipe  pile  was  10.75  in.  and  the  wall 


thickness  was  0.365  inch.  Several  pressure  cells  and  a 
1.5  in.  square  tube  were  attached  to  the  inside  wall  of 
the  pile.  The  pile  was  driven  closed-ended  into  the 
native  clay  to  a  depth  of  43  feet.  A  detailed  account  of 
the  installation  of  the  pile  is  provided  by  O'Neill  et  al 


(1982)  . 


After  installation,  the  pile  was  loaded  axially 


several  times  to  failure  during  1979  and  1980.  The  pile 
was  subjected  to  a  load-controlled,  lateral-load  test  in 
the  native  clay  in  the  summer  of  1984.  It  is  believed 
that  the  pile  was  not  stressed  above  the  elastic  limit 
during  any  of  the  testing  mentioned  above. 


After  the  excavation  described  in  Chapter  2,  the 
outside  of  the  single  pile  was  exposed  to  a  depth  of  9.5 
feet.  Strain  gauges  could  then  be  placed  on  the  outside 
of  the  pile  instead  of  on  an  insert  pipe.  Gauges  were 
placed  at  11  elevations,  beginning  at  a  depth  of  0.0  ft 
and  extending  to  a  depth  of  9.0  feet.  Each  gauge  level 
consisted  of  2  gauges  on  each  side  of  the  pipe.  All 
gauges  were  placed  parallel  to  the  axis  of  the  pile  and 
were  wired  in  the  same  way  as  was  used  on  the 
instrumented-insert  pipes.  Lead  wires  were  attached,  and 
the  gauges  were  water-proofed.  The  lead  wires  were  tied 
snugly  to  the  face  of  the  pile  to  a  level  above  the  ground 
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surface.  A  drawing  of  the  pile,  showing  the  strain-gauge 
elevations,  is  shown  in  Fig.  3.9.  After  the  gauges  were 
placed,  and  before  the  subsequent  placement  of  sand,  the 
pile  was  subjected  to  a  small  lateral  load  that  was 
carefully  measured.  With  the  pile  acting  like  a 
cantilever  beam  over  the  depth  of  the  excavation,  the 
bending  moments  were  known  and  calibration  data  could  be 
obtained . 

Me  aa  urania  at _ Q 1 _ Deflection  and _ 

Deflections  and  slopes  of  the  pile  were  measured 
using  a  system  similar  to  the  one  used  for  the  pile  group. 
The  potentiometers  were  mounted  on  a  wooden  frame  that  was 
supported  by  two  wooden  columns  driven  2  ft  into  the 
ground,  8  ft  away  (transverse  to  the  direction  of  loading) 
from  the  pile.  The  reference  frame  is  shown  in  Fig.  3.10. 

The  distance  between  the  two  potentiometers  was 
75.6  inches.  The  bottom  potentiometer  was  3.0  in.  above 
the  loading  point.  The  slope  and  deflection  of  the  pile 
at  the  loading  point  was  calculated  in  the  same  way  as 
described  for  the  piles  in  the  pile  group. 

Loading  Apparatus  and  Measurement _ &£ _ LfflAd 

One  of  the  original  load  cells  designed  and 
fabricated  for  the  pile  group  test  (1.25  in. -diameter  rod 
with  an  internal  strain-gauge  bridge)  was  used  for  the 
single-pile  load  test.  The  load  ceil  was  connected  to  the 
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pile  with  the  same  pin-and-clevis  apparatus  used  for  the 


pile  group.  Instead  of  mounting  into  a  loading  frame,  the 
load  cell  was  connected  directly  to  the  ram  of  a  hydraulic 
actuator  with  an  adapter.  The  actuator  was  rigidly  bolted 
to  a  1/2  in.  plate  welded  to  the  end  of  a  W8  x  31  beam 
which  was  in  turn  connected  to  the  48-in.  reaction  pile 
with  a  single  bolt  (making  a  pin  connection) .  The  double¬ 
acting  actuator  had  a  5-in.  diameter  bore  and  was 
manufactured  by  the  Miller  Fluid  Power  Corporation.  The 
loading  apparatus  is  shown  in  Fig.  3.11.  The  actuator  was 
controlled  with  the  same  electronic  system  used  in  the 
load  test  of  the  pile  group. 

Bata-Acqulaltlon _ syaf  m 

The  same  electronic  system  used  for  data 
acquisition  in  the  pile  group  load  test  was  used  with  the 
single-pile  load  test.  Because  fewer  measurements  were 
taken  and  recorded,  however,  only  one  Hewlett-Packard 
3497A  Data  Acquisition/Control  unit  was  required. 

CONCLUDING  COMMENT 

The  apparatus  and  instrumentation  used  in  the  testing 
of  a  nine-pile  group  and  a  single  pile  have  been  described 
in  this  chapter.  Although  a  failure  occurred  during  the 
first  loading  and  some  changes  were  required  in  the 
loading  system  for  the  pile  group,  the  apparatus 


41 


CHAPTER  4 


TESTING  PROCEDURE  AND  OBSERVATIONS 

INTRODUCTION 

Presented  in  this  chapter  are  the  procedures 
followed  for  performing  both  the  load  tests  of  the  single 
pile  and  of  the  nine-pile  group.  Events  that  occurred 
during  the  tests  and  observations  made  during  the  tests 
are  also  described.  A  structural  failure  of  the  loading 
system  occurred  during  the  test  of  the  nine-pile  group. 
The  failure,  its  cause,  and  remedial  measures  that  were 
taken  are  described  in  detail  in  the  chapter. 

PROCEDURE  FOR  DEFLECTION-CONTROLLED  TESTING 

The  following  loading  procedure  was  used  for 
both  the  single-pile  load  test  and  the  pile-group  load 
test.  Two-way  cyclic  load  was  applied  with  the  peak 
deflection  being  maintained  constant  in  both  the  forward 
and  backward  directions  (compression  and  tension 
directions)  during  each  loading  sequence.  For  each 
loading  sequence,  the  deflection  was  cycled  100  or  200 
times.  There  was  some  change  in  the  magnitude  of  the  load 
that  was  required  to  achieve  the  given  deflection  as 
cycling  continued.  Deflection,  rather  than  load,  was  held 
constant  to  reduce  the  effect  of  a  loading  sequence  on  the 
behavior  of  the  a roup  during  subsequent  loading  sequences. 


For  the  first  loading  sequence  the  deflection 
was  found  that  corresponded  to  a  load  of  about  4  kips  per 
pile.  Using  the  manual  control  on  the  servo-controller 
the  deflection  of  the  pile  or  pile  group  was  increased 
while  the  load  was  monitored  with  a  data-acquisition  unit. 
When  the  desired  load  was  reached  the  deflection  was  noted 
and  readings  were  taken  from  all  instrumentation.  The 
same  deflection  was  then  applied  in  the  opposite  direction 
and  readings  were  again  taken.  The  servo-controller  then 
automatically  cycled  the  deflection  between  the  two 
established  maxima.  Deflections  were  held  constant  while 
readings  were  taken  at  the  peaks  of  cycles  5,  10,  20,  50, 
100  and  200.  The  next  loading  sequence  was  for  a  load  of 
about  8  kips  per  pile.  The  same  procedure  described  above 
was  used.  The  loading  was  increased  in  4-kip  increments 
with  deflection  being  controlled  for  each  loading  level. 
The  loading  sequences  were  continued  with  increasing 
deflections  until  it  was  estimated  that  the  bending  stress 
in  the  pile  (or  piles)  was  the  yield  stress. 


LOAD  TEST  OF  SINGLE  FILE 

The  load  test  of  the  single  pile  began  at  9:15 
a.m.,  October  11,  1984.  An  initial  load  of  about  4  kips 
was  placed  on  the  pile.  A  15  second  period  was  used  for 
the  automatic  cycling.  At  about  cycle  30  of  the  first 


load,  a  popping  noise  was  heard  just  before  the  peak 
deflection  of  the  compression  stroke.  The  noise  came  from 
inside  the  pile  and  is  thought  to  be  due  to  the  welded 
connections  of  the  inclinometer  tube  to  the  inside  of  the 


wall  of  the  pile.  This  noise  continued  intermittently 
throughout  the  test  .  One  hundred  cycles  of  the  first 
deflection  were  applied. 

The  initial  cycle  of  the  second  deflection 
corresponded  to  a  load  of  about  8  kips.  At  cycle  180  a 
small  funnel-shaped  depression  was  noticed  to  have  formed 
around  the  pile.  Two  hundred  cycles  of  this  deflection 
were  applied. 

The  initial  cycle  of  the  third  deflection 
corresponded  to  a  load  of  about  12  kips.  At  cycle  100  it 
was  noticed  that  the  pin  connection  at  the  reaction  pile 
was  slipping  back  and  forth  about  1/16  in.  during  cycling. 
Two  hundred  cycles  of  this  deflection  increment  were 


app lied 


'he  initial  cycle  of  the  fourth  deflection 


corresponded  to  a  load  of  about  16  kips.  At  cycle  50  the 
funnel-shaped  depression  had  a  depth  of  7  in.  and  a  radius 
of  2  feet.  Two  hundred  cycles  of  this  deflection  were 


acDl led . 


The  initial  cycle  of  the  fifth  deflection 


irresponded  to  a  load  of  about  20  kips.  Two  hundred 


cycles  of  this  deflection  were  applied.  The  shape  of  the 
depression  in  the  sand  surface  at  the  end  of  this 
deflection  cycle  is  shown  in  Fig.  4.1. 


The  initial  cycle  of  the  sixth  deflection 
corresponded  to  a  load  of  about  22  kips.  Only  one  cycle 
was  applied.  The  pile  yielded  plastically  at  the  sixth 
gauge  level  (at  a  depth  of  4  ft) . 

The  initial  cycle  of  the  seventh  deflection 
corresponded  to  a  load  of  about  24  kips.  After  the  first 
cycle,  the  HP3497A  Data  Acquisition/Control  unit 
malfunctioned.  A  replacement  was  borrowed  from  the 
University  of  Houston  and  the  test  continued  after  a  delay 
of  about  2  hours.  One  hundred  cycles  of  this  deflection 
were  applied. 

The  eighth  deflection  corresponded  to  a  load  of 
26  kips.  Only  one  cycle  was  applied. 

The  initial  cycle  of  the  ninth  deflection 
corresponded  to  a  load  of  28  kips.  One  hundred  cycles  of 
this  deflection  were  applied. 

The  initial  cycle  of  the  tenth  deflection 
corresponded  to  a  load  of  32  kips.  Ten  cycles  of  this 
deflection  were  applied. 

The  load  test  concluded  at  7:45  p.m.  The 
results  of  this  load  test  are  given  in  Appendix  A. 
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LOAD  TEST  OF  PILE  GROUP 
Test  of _ October — UL - 1984 

The  load  test  of  the  nine-pile  group  began  at 
3:45  a.m.,  : ;tober  18,  1984.  An  initial  deflection 
corresponding  to  a  load  of  about  4  kips  per  pile  was 
imposed  on  the  group.  After  taking  readings,  the  same 
deflection  was  then  imposed  in  the  opposite  direction. 
The  deflection  was  then  cycled  using  a  15-second  period. 
At  cycle  20  it  was  noticed  that  the  connections  between 
the  two  potentiometers  measuring  the  displacement  of  the 
loading  frame  were  not  functioning  properly.  The 
potentiometers  were  disconnected  from  the  loading  frame. 
One  hundred  cycles  of  the  first  deflection  were  applied. 

Prior  to  the  application  of  the  second  load,  the 
disconnected  potentiometers  were  reconnected  to  the 
loading  frame.  The  initial  cycle  of  the  second  deflection 
corresponded  to  a  load  of  about  8  kips  per  pile.  The 
deflection  was  first  applied  to  the  south  (frames  in 
tension)  .  Due  to  an  error  in  operating  the  servo- 
controller  the  deflection  applied  to  the  north  on  the 
first  cycle  was  too  large  by  a  factor  of  about  2. 
Because  of  this  error,  it  was  decided  to  skip  the 
remaining  cycles  of  the  second  deflection  and  proceed 
directly  to  the  third  deflection. 
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The  initial  cycle  of  the  third  deflection 
corresponded  to  a  load  of  about  12  kips  per  pile.  The 
deflection  was  first  applied  to  the  south.  The  deflection 
was  then  applied  to  the  north.  Before  readings  could  be 
taken  a  structural  failure  occurred  in  the  loading  system. 
A  description  and  analysis  of  the  failure  are  presented  in 
the  following  section.  The  failure  made  further  testing 
that  day  impossible.  Testing  concluded  at  10:30  a.m.  The 
results  of  this  load  test  are  given  in  Appendix  B. 

Failure  of  the _ Loading  AppaxAtua 

Description  of  Failure.  When  the  failure 
occurred,  both  the  loading  frame  and  the  reaction  frame 
were  in  compression  under  a  load  of  about  108  kips.  Most 
of  the  load  cells  bent,  causing  the  loading  frame  to 
rotate  with  the  north  end  moving  up  and  the  south  end 
moving  down.  At  the  same  time  the  north  end  of  the 
reaction  frame  moved  up.  The  configurations  of  the 
loading  system,  both  before  and  after  the  failure,  are 
shown  in  Fig .  4.2. 

Cause  of  Failure.  The  loading  frame  was 
supported  entirely  by  the  9  pins  connecting  the  piles  to 
the  load  cells.  The  weight  of  the  loading  frame  and  any 
misalignment  of  the  hydraulic  actuator  caused  bending 
moment  in  the  load  cells.  Tnder  a  load  of  108  kips  (the 
load  applied  when  failure  occurred)  the  outer  fibers  of 
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j  the  load  cells  would  start  to  yield  if  the  actuator  was 
.  installed  more  than  0.4  in.  off-center  vertically  or  if 
'  the  actuator  was  installed  at  an  angle  greater  than  0.25°. 

'  It  is  believed  that  the  actuator  was  installed  at  too 

I 

great  an  angle,  causing  the  load  cells  to  yield  and  the 
loading  frame  to  rotate.  The  rotation  of  the  loading 
frame  increased  the  angle  of  the  actuator,  causing  further 
bending  of  the  load  cells  and  buckling  of  the  reaction 
frame.  The  failure  process  was  stopped  by  pushing  the 
emergency  shut-off  button  on  the  servo-controller. 

The  failure  mechanism  should  have  been  stopped 
quickly,  after  it  started,  by  the  servo-controller  and  by 
the  limit  switches.  This  was  prevented  by  the  placement 
of  the  potentiometer  providing  feedback  to  the  servo- 
controller  and  the  placement  of  the  limit  switches.  The 
position  of  the  loading  frame  both  before  and  after 
failure,  and  the  positions  of  the  feedback  potent iometer 
and  limit  switches  are  shown  in  Fig.  4.3.  The  feedback 
potentiometer  was  mounted  on  the  reference  frame  about  18 
in.  above  the  loading  frame,  and  was  connected  to  a  2-ft 
length  of  angle  welded  to  the  loading  frame.  The  limit 
switches  were  mounted  on  the  reference  frame  and 
positioned  on  both  sides  of  a  vertical  extension  of  the 
a  ctuatc  r-clamo  r late .  When  the  failure  occurred,  the 
'  "  -  --  -j  *  .>  ,,  a  s  movi  r.g  o  r  h  e  north  ana  rotating  at  the 
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same  time.  The  rotation  caused  the  point  of  attachment  to 
the  feedback  potentiometer  to  move  south.  As  a  result, 
the  servo-controller  continued  to  provide  pressure  to  the 
actuator  after  the  desired  displacement  had  been  reached. 
The  rotation  of  the  loading  frame  also  caused  the 
extension  of  the  actuator-clamp  plate  to  move  out  from 
between  the  limit  switches  without  tripping  either  one. 
The  automatic  shut-off  system  was  thus  neutralized,  and 
the  loading  continued  until  the  hydraulic  pump  was 
manually  turned  off. 


Syatea.  Constraints  on  time  and  funding  prevented  a 
complete  redesign  of  the  loading  apparatus.  Instead,  the 
portions  that  suffered  damage  were  repaired  or  replaced. 
The  reaction  frame  was  bent  back  into  its  original 
position  with  hydraulic  jacks.  A  horizontal  beam, 
supported  by  two  steel  H-piles,  was  erected  over  the  north 
end  of  the  reaction  frame.  Struts  were  placed  between  the 
beam  and  reaction  frame  to  ensure  that  no  vertical 
movement  of  the  frame  could  take  place.  The  sections  of 
the  reaction  frame  that  had  yielded  were  reinforced  with 
steel  plate.  New  load  cells  with  a  larger  cross  section, 


were  fabricated  and  installed  in  the  loading  frame.  The 
new  load  cells  were  described  in  Chapter  3.  The  new  load 
ceils  would  start  to  yield  at  a  load  of  180  kips  if  the 


actuator  was  installed  more  than  2.1  in.  off  center  or  at 
an  angle  of  more  than  1.0°. 


To  ensure  proper  control  of  the  loading 
apparatus,  the  feedback  potentiometer  was  moved  from  its 
original  position.  The  potentiometer  was  mounted  on  the 
actuator  casing  and  attached  to  the  adapter  mounted  on  the 
ram  of  the  actuator.  As  a  result,  any  change  in  the 
deflection  of  the  reaction  shaft  after  the  initial 
application  of  each  deflection  would  result  in  a  change  in 
the  deflection  of  the  pile  group.  This  effect  was  thought 
to  be  small,  and  was  considered  a  reasonable  trade-off  for 
preventing  another  structural  failure.  The  location  of 
the  limit  switches  was  not  changed.  It  was  believed  that 
the  measures  that  were  taken  were  adequate  to  prevent 
another  failure. 


The  second  attempt  to  load  the  nine-pile  group 
began  at  10:15  a.m.,  December  13,  1984.  An  initial 
deflection  corresponding  to  a  load  of  about  4  kips  per 
pile  was  imposed  on  the  group  towards  the  north.  After 
taking  readings,  the  same  deflection  was  imposed  on  the 
group  towards  the  south.  The  deflection  was  then  cycled 
using  a  20-second  period.  Due  to  an  error  in  operating 
the  s e rvo-con t ro 1 1 e r ,  for  cycles  2  through  4  the 
deflection  was  applied  in  only  one  direction,  towards  the 


north.  One  hundred  cycles  of  this  deflection  were 
applied . 

The  initial  application  of  the  second  deflection 
corresponded  to  a  load  of  about  8  kips  per  pile.  After 
cycle  10,  the  position  of  the  actuator  on  the  loading 
frame  was  adjusted  because  the  west  side  of  the  loading 
frame  was  deflecting  more  than  the  east  side.  One  hundred 
cycles  of  this  deflection  were  applied. 

The  initial  application  of  the  third  deflection 
corresponded  to  a  load  of  about  12  kips  per  pile.  Two 
hundred  cycles  of  this  deflection  were  applied. 

The  initial  application  of  the  fourth  deflection 
corresponded  to  a  load  of  16  kips  per  pile.  At  cycle  17 
vertical  movement  of  the  loading  frame  was  noticed. 
Cycling  was  stopped,  and  the  position  of  the  actuator  was 
adjusted.  No  further  vertical  movement  was  noticed.  Two 
hundred  cycles  of  this  deflection  were  applied. 

The  initial  application  of  the  fifth  deflection 
corresponded  to  a  load  of  about  20  kips  per  pile.  During 
cycling  of  this  deflection  the  water  level  in  the  risers 
of  the  saturation  system  would  change  elevation  by  about 
0.3  inch.  At  ail  times  the  level  of  the  water  in  the 
riser  was  1  to  2  in.  above  the  level  of  the  water  ponded 
on  the  sand.  At  cycle  168  the  potentiometer  providing 
feedback  to  the  servo-controller  broke.  It  was  replaced 
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with  top  potent iometer  from  pile  H.  Two  hundred  cycles  of 


this  deflection  were  applied. 

The  test  concluded  at  9:30  p.m.  The  results  of 
this  test  are  given  in  Appendix  C. 

CONCLUDING  COMMENT 

The  procedures  followed  fcr  performing  both  the 
single-pile  and  pile-group  load  tests  have  been  presented 
in  this  chapter.  A  description  of  the  failure  of  the 
loading  system  that  occurred  during  the  pile  group  test 
was  also  included.  The  procedures  that  were  followed 
allowed  the  collection  of  a  large  amount  of  data  that  is 
given  in  Appendices  A,  B,  and  C  and  summarized  in  the 
following  chapter. 
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CHAPTER  5 


SUMMARY  OF  TEST  RESULTS 


INTRODUCTION 

A  large  amount  of  data  was  collected  during  the 
load  tests  of  the  single  pile  and  the  group  of  piles. 
These  data  are  tabulated  in  Appendices  A,  B,  and  C.  A 
summary  of  the  test  results  is  presented  in  this  chapter. 
This  summary  includes  presentations  of  dependency  of  pile- 


As  mentioned  previously,  a  number  of  cycles  of 
each  deflection  was  applied  to  the  single  pile.  Each 
cycle  consisted  of  applying  the  deflection  first  to  the 
south  (referred  to  here  as  the  compression  stroke  since 
the  loading  apparatus  was  in  compression)  and  then 
applying  the  same  deflection  to  the  north  (referred  to 
here  as  the  tension  stroke).  The  measured  pile-head  loads 
and  corresponding  load-point  deflections  for  the 
compression  strokes  are  shown  in  Fig.  5.1.  Those  for  the 
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Loads  and  deflections  applied  on  compre 
troke  of  cycle,  single-pile  test. 


tension  stroke  are  shown  in  Fig.  5.2.  As  can  be  seen  from 
these  figures,  deflections  were  maintained  constant  to 


within  0.02  inch.  For  a  given  deflection,  the  pile-head 
load  only  changed  slightly  as  additional  deflection  cycles 
were  applied.  In  most  cases  the  pile-head  load  decreased 
slightly  up  to  cycle  10  and  then  increased  slightly  up  to 
the  last  cycle.  The  load  measured  on  the  tension  stroke 
was  always  less  than  that  applied  on  the  compression 
stroke . 

Load _ vrsua _ Dafleetion 

The  variation  of  pile-head  load  with  deflection 
for  cycle  1  of  each  deflection  is  shown  in  Fig.  5.3.  A 
similar  relationship  for  cycle  100  is  shown  in  Fig.  5.4. 
The  load-deflection  curve  for  cycle  100  shows  a  slightly 
"softer"  behavior  than  the  load-deflection  curve  for 
cycle  1.  "Softer"  indicates  more  deflection  for  a  load  of 
the  same  magnitude. 

Moment _ Cuxvea 

Measured  moment  curves  for  cycle  1  and  cycle  11— 
deflections  1,  3,  and  5  are  shown  in  Figs.  5.5,  5.6,  ar.d 
5.7.  The  moments  are  normalized  by  dividing  by  the  pile- 
head  load  in  order  to  compare  curves  for  different  leads. 
For  the  first  load  the  maximum  normalized  moment  is 
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Loads  and  deflections  applied  on  tension  stroke 
of  cycle,  single-pile  test. 
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Compression  Stroke 
Tension  Stroke 


increment-  I. 


to  densify  and  the  soil  response  to  become  stiffer.  For 
the  third  and  fifth  deflections  the  maximum  normalized 
moment  is  larger  for  cycle  IOC  than  for  cycle  1.  This 
implies  that  cycling  larger  deflections  causes  the  sand  to 
loosen  and  the  soil  response  to  become  softer. 

Load  versus  Maximum  _ Moment 


The 

relat ionship 

between 

pile-head  load 

and 

maximum  bending  moment  in  t 

he  pile 

is  shown  in  Fig. 

5 . 6 

for  both  cycle 

1  and  cycle 

100.  F 

or  higher  loads, 

the 

maximum  moment  for  cycle  100  is  higher  than  for  cycle  1. 
This  is  consistent  with  the  normalized  curves  discussed  in 
the  previous  paragraph. 

_ Reaponaa 


The  soil  pressure  (soil  resistance)  at  a  point 
along  a  pile  can  be  obtained  from  the  second  derivative  of 
the  moment  curve.  The  deflection  at  any  point  along  a 
pile  can  be  obtained  by  integrating  the  moment  curve 
twice,  using  the  pile-head  slope  and  deflection  as 
integration  constants.  These  relationships  are  given 


mathematically  by  the  following  two  equations. 


P  = 


d  M  ( z) 

2 

dz 


y  =  —  [[  M(z)  dz 
El 


(5.1) 


(5.2) 


where  z  =  distance  below  loading  point, 
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d  load  vs .  maximum  moment 
ingle  pile. 


M ( z )  =  bending  moment  as  a  function  of  depth, 

El  =  flexural  rigidity, 

p  =  soil  resistance  per  unit  length  of  pile, 
and 

y  =  lateral  deflection  of  the  pile. 

In  order  to  apply  Eqs .  5.1  and  5.2  to  the 

measured  data,  a  polynomial  function  was  fitted  to  the 
measured  bending  moments  using  the  method  of  least 
squares.  The  polynomial  was  then  integrated  twice  to 
obtain  the  deflection  and  differentiated  twice  to  obtain 
soil  resistance.  To  obtain  the  deflection  and  soil 

resistance  at  a  given  gauge  level,  a  third-degree 
polynomial  was  fitted  through  seven  points.  where 
possible,  the  gauge  level  at  which  deflection  and  soil 
resistance  were  to  be  determined  was  the  middle  gauge  of 
the  seven  used  for  curve  fitting.  Where  this  was  not 

possible  (near  the  top  and  bottom  of  the  instrumented 

section),  the  gauge  under  consideration  was  placed  as 
close  to  the  middle  as  possible.  As  an  example,  to  obtain 
p-y  data  for  gauge  level  3  (depth  =  12  in.  below  mudline) 
a  polynomial  was  fitted  to  the  loading  point  and  the 
moments  measured  at  gauge  level  1  through  6,  corresponding 
to  depths  of  -12  in.  to  48  inches.  Because  the  polynomial 
is  fitted  to  points  extending  36  in.  below  gauge  level  3, 
but  only  24  in.  above  it,  the  generated  p-y  data  might  be 


expected  to  be  somewhat  stiffer  than  the  "true"  p-y  data. 
Similarly  for  gauge  levels  near  the  bottom  of  the 
instrumented  section,  generated  p-y  data  might  be  expected 
to  be  softer  than  the  "true"  p-y  data. 

The  measured  p-y  curves  for  gauges  3  through  8, 
representing  depths  of  12  in.  to  72  in.,  are  shown  in 
figs.  5.9,  5.10,  and  5.11.  Curves  are  presented  for  both 
cycle  1  and  cycle  100.  The  p-y  curves  become  stiffer  with 
increasing  depth.  For  depths  of  12  in.  to  36  in.  the  p-y 
curve  for  cycle  100  is  softer  than  for  cycle  1.  Below  36 
in.  cycling  has  little  or  no  effect  on  the  p-y  curve. 

The  measured  p-y  curves  are  compared  with 
calculated  p-y  curves  in  Figs.  5.12,  5.13,  and  5.14.  One 
set  of  p-y  curves  was  generated  according  to  the  procedure 
of  Reese,  Cox,  and  Koop  (1975)  .  This  set  of  curves  is 
labelled  RCK  in  Figs.  5.12  through  5.14.  Another  set  of 
p-y  curves  was  calculated  using  a  modified  procedure  in 
which  the  soil  resistances  from  the  procedure  of  Reese, 
Oox,  and  Koop  were  multiplied  by  1.55.  This  set  of  curves 
is  labelled  MRCK  in  Figs.  5.12  through  5.14.  The  p-y 
curves  generated  by  the  modified  procedure  were  then  used 
with  program  COM  624  to  calculate  deflections  and  maximum 
moments  for  a  pile  with  the  properties  of  the  pile  used  in 
the  load  test.  The  deflections  and  moments  calculated  in 
this  manner  are  compared  with  the  measured  values  in 
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Fig.  5.10.  Experimental  p-y  curves  for  depths  of  36  in. 
and  48  in.  for  single  pile. 
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Figs.  5.15  and  5.15.  It  is  believed  that  the  p-y  curves 
generated  by  the  modified  procedure  adequately  model  the 
response  of  the  soil  for  the  single-pile  load  test. 


RESULTS  OF  LOAD  TEST  OF  PILE  GROUP 


A  number  of  cycles  of  each  deflection  increment 
was  applied  to  the  pile  group.  Each  cycle  consisted  of 
applying  the  deflection  first  to  the  north  (referred  to  as 
the  compression  stroke  since  the  loading  apparatus  was  in 
compression)  and  then  applying  the  same  deflection  to  the 
south  (referred  to  as  the  tension  stroke)  .  As  mentioned 
in  chapter  3,  for  the  second  and  third  deflection  during 
the  first  attempt  of  the  load  test  of  the  pile  group,  the 
order  was  reversed.  The  measured  average  pile  head  loads 
and  corresponding  average  load-point  deflections  for  the 
compression  strokes  are  shown  in  Fig.  5.17.  Those  for  the 
vension  stroke  are  shown  in  Fig.  5.18.  For  the 
compression  stroke,  the  pile-head  load  only  changed 
slightly  as  additional  cycles  were  applied.  For  the 
tension  stroke,  the  load  decreased  substantially  after  the 
first  cycle. 
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Loads  and  deflections  applied  on  compression 
stroke  of  cycle ,  pile-group  test. 


the  pile  group  rotated  about  a  vertical  axis.  As  the 
deflections  were  cycled,  the  heads  of  the  piles  in  the 
group  translated  while  maintaining  the  rotation.  The 
deflection  pattern  is  shown  in  Figs.  5.19  through  5.21. 
The  rotation  could  not  be  corrected  by  moving  the  point  of 
load  application  on  the  loading  frame.  The  point  of  load 
application  would  have  had  to  move  east  on  the  compression 
stroke  and  west  on  the  tension  stroke. 

Load  Distribution 


The 

load  applied 

to  the  loading 

frame  was 

not 

distributed 

evenly  among 

the  piles. 

Typical 

load 

distributions 

are  shown  in 

Figs.  5.22  through  5.27. 

The 

leading  row  takes  a  larger  portion  of  the  total  load  than 
the  middle  row  which  in  turn  takes  a  larger  portion  than 
the  trailing  row.  There  is  no  clear  pattern  for  the 
distribution  of  load  to  piles  in  a  single  row.  Any 
pattern  that  may  have  been  present  would  be  obscured  by 
the  non-uniform  pattern  of  deflection. 

Load  versus  Dofloetion 

The  variation  of  average  pile-head  load  with 
average  deflection  for  cycle  1  of  each  deflection 
increment  is  shown  in  Fig.  5.28.  Also  shown  in  Fig.  5.28 
is  the  variation  of  pile-head  load  with  deflection  for  an 
isolated  pile  with  properties  similar  to  the  piles  in  the 
group.  This  behavior  was  determined  using  program  COM624 
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Fig.  5.24.  Load  distribution  for  load  3,  cycle  1,  pile- 

group  test. 
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Fig.  5.27.  Load  distribution  for  load  5,  cycle  100,  pile- 
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and  p-y  curves  generated  by  the  modified  procedure 
described  earlier.  For  a  given  average  load,  the 
deflection  of  the  pile  group  is  larger  than  the  deflection 
of  a  similar  isolated  pile.  The  pile  group  exhibits 
stiffer  behavior  on  the  compression  stroke  of  the  cycle 
than  on  the  tension  stroke. 

The  variation  of  average  pile-head  load  with 
average  pile-head  deflection  for  cycle  100  of  each 
deflection  increment  is  shown  in  Fig.  5.29.  Also  shown  is 
the  load-deflection  curve  for  an  isolated  pile  with 
properties  similar  to  the  piles  in  the  group.  Again,  for 
a  given  average  load,  the  deflection  of  the  group  is 
larger  than  the  deflection  of  an  isolated  pile.  By 
comparing  Figs.  5.28  and  5.29,  it  can  be  seen  that  the 
response  of  the  pile  group  to  load  is  softer  at  cycle  100 
than  at  cycle  1.  It  can  also  be  seen  that  the  difference 
between  the  load-deflection  curves  for  the  tension  and 
compression  strokes  is  larger  for  cycle  100  than  for 
cycle  1 . 

Moment  Curves 

Typical  curves  of  bending  moment  versus  depth 
for  the  pile  group,  as  determined  from  the  instrumen¬ 
tation,  are  shown  in  Figs.  5.30  through  5.33.  The  curves 
represent  average  moment  for  each  row  of  piles.  In  all 
cases,  moments  are  highest  for  the  leading  row  of  piles 
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and  smallest  for  the  trailing  row.  For  the  compression 
stroke,  moments  are  larger  for  cycle  100  than  for  cycle  1. 
This  increase  in  moment  with  repeated  application  of  the 
load  implies  that  soil  resistance  is  decreasing.  For  the 
tension  stroke,  moments  are  smaller  for  cycle  100  than  for 
cycle  1.  This  is  due  to  the  fact  that  the  load  for  the 
tension  stroke  of  cycle  100  is  smaller  than  the  load  for 
the  tension  stroke  of  cycle  1. 

Load _ versus _ Maximum  Moment 

The  relationship  between  pile-head  load  and 
maximum  bending  moment  for  the  pile  group  is  shown  in  Fig. 
5.34  for  cycle  1  and  Fig.  5.35  for  cycle  100.  It  can  be 
seen  that  for  a  given  average  of  pile-head  load,  the 
maximum  moment  in  the  pile  group  is  larger  than  the 
maximum  moment  in  the  isolated  pile.  It  can  also  be  seen 
that  for  any  pile-head  load,  the  maximum  moment  for  cycle 
100  is  larger  than  for  cycle  1.  The  difference  between 
the  behavior  of  the  pile  group  on  the  compression  stroke 
and  that  on  the  tension  stroke  is  again  apparent,  and 
again  the  difference  is  larger  for  cycle  100  than  for 
cycle  1 . 

_ Raaponsa 

The  measured  p-y  curves  for  the  compression 
stroke  of  cycle  1  for  depths  of  12,  24,  36,  48,  60,  and  72 
inches  are  shown  in  Figs.  5.36  to  5.41.  The  measured  p-y 
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Fig.  5.41.  Experimental  p-y  curves,  cycle  lc 
depth  =  72  in.,  pile-group  test. 


curves  for  the  compression  stroke  of  cycle  1  are  shown  in 
Figs.  5.42  to  5.47.  The  measured  p-y  curves  for  the 
compression  stroke  of  cycle  100  are  shown  in  Figs.  5.48  to 
5.53.  The  measured  p-y  curves  for  the  tension  stroke  of 
cycle  100  are  shown  in  Figs.  5.54  to  5.59.  Separate 
curves  are  presented  for  each  row  of  piles. 

An  examination  of  Figs.  5.36  through  5.59 
reveals  that  the  soil  resistance  for  the  leading  row  of 
piles  is  greater  than  the  resistance  for  the  middle  and 
trailing  rows.  For  the  upper  portion  of  the  instrumented 
sections  of  the  piles,  the  soil  resistance  for  the  middle 
and  trailing  rows  is  similar.  For  the  lower  portion,  the 
soil  resistance  for  the  middle  row  is  greater  than  the 
resistance  for  the  trailing  row.  Comparing  a  soil 
response  curve  for  the  static  case  with  the  corresponding 
curve  for  the  cyclic  case  shows  that  the  resistance  curve 
for  the  static  case  is  greater  than  for  the  cyclic  case. 

CONCLUDING  COMMENTS 

The  results  of  load  tests  for  a  single  pile  and 
a  group  of  piles  have  been  summarized  in  this  chapter. 
Based  on  the  results  presented,  the  following  conclusions 
can  be  drawn . 

1.  The  response  of  the  single  pile  to  lateral 
load  is  stiffer  than  the  response  of  the 
average  pile  in  the  pile  group. 
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For  both  the  single  pile  and  the  pile 
group,  the  response  of  the  piles  to  static 
loading  is  stiffer  than  the  response  to 
cyclic  loading. 

The  distribution  of  load  to  the  piles  in 
the  group  is  not  uniform.  The  leading  row 
takes  a  larger  portion  of  the  load  than  the 
middle  row,  which  in  turn  takes  a  larger 
portion  than  the  trailing  row. 

The  ultimate  soil  resistance  for  the 
leading  row  of  piles  is  larger  than  the 
ultimate  soil  resistance  for  the  middle  row 
which  is  in  turn  larger  than  that  for  the 
trailing  row. 
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5.42.  Experimental  p-y  curves,  cycle  IT 
depth  =  12  in.,  pile-group  test. 
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Fig.  5.44.  Experimental  p-y  curves,  cycle  IT 
depth  =  36  in.,  pile-group  test. 
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Fig.  5.47.  Experimental  p-y  curves,  c; 

depth  =72  in.,  pile-group  test 
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Fig.  5.49.  Experimental  p-y  curves,  cycl' 
depth  =  24  in.,  pile-group  test. 
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Fig.  5.51.  Experimental  p-y  curves,  cycle  lOOi 
depth  =  48  in.,  pile-group  test. 
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5.53.  Experimental  p-y  curves,  cycle  100c, 
depth  =  72  in.,  pile-group  test. 


122 


V-V 


>.V^  .  %  v“  "» %r 


+/Qa  Leading  Row  [o  Pile  BJ] 
/  <  Pilt  C I 

f  ■  .I*'11’  »ll 

)  0.3  0.6  0.9 

Deflection  (in.) 


Middle  Row 


o  Pile  E 
<  Pile  F 
+  Pile  H 


Deflection  (in.) 

I  "  i  J 

Trailing  Row  0  PileAB 
4  Pile  DR 
+  Pile  6 


0.3  0.6 

Deflection  (in.) 


5.58.  Experimental  p-y  curves,  cycle  100T, 
depth  =  60  in.,  pile-group  test. 


CHAPTER  6 


COMPARISON  OF  MEASURED  BEHAVIOR  Or  THE  GROUP  Or 
PILES  WITH  THE  BEHAVIOR  PREDICTED  BY  CURRENT  DESIGN 

METHODS 

INTRODUCTION 

A  number  of  analytical  methods  are  currently 
available  to  the  design  professional  to  predict  the 
behavior  of  a  group  of  closely-spaced  piles  in  sand. 
Presented  in  this  chapter  are  comparisons  of  the  measured 
behavior  of  the  group  of  piles  with  the  results  of  some  of 
these  methods.  In  all  cases  an  attempt  was  made  to 
calculate  group  behavior  based  on  the  measured  behavior  of 
the  single  pile.  The  methods  examined  in  this  chapter 
include  DEFPIG,  the  Focht-Koch  method,  the  single-pile 
method,  and  the  Bogard-Mat lock  method.  These  methods  have 
been  described  in  detail  by  Brown  and  Reese  (1985).  A 
brief  description  of  each  method  is  included  in  this 
chapter . 

While  the  comparisons  presented  in  this  chapter 
may  be  useful  in  evaluating  the  validity  of  the  various 
analytical  procedures,  several  differences  between  the 
conditions  of  the  load  test  and  those  that  might  be 
expected  in  the  field  should  be  kept  in  mind.  First, 
though  the  scale  of  the  tested  group  is  much  larger  than 
possible  in  a  laboratory,  actual  pile  groups,  particularly 
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those  used  offshore,  may  include  much  larger  piles. 
Second,  for  this  load  test,  sand  was  placed  around  the 
piles.  Driving  the  piles  into  the  sand  is  a  more  common 
construction  procedure  and  results  in  a  change  in  density 
of  the  sand  in  the  neighborhood  of  the  piles.  Third,  as 
noted  in  Chapter  4,  the  peak  deflection  was  held  constant 
in  this  experiment  as  the  load  was  cycled.  In  most  cases 
a  group  of  piles  would  be  designed  for  cycling  at  a 
constant  peak  load.  Despite  these  differences,  the 
comparisons  presented  in  this  chapter  should  provide  some 
insight  into  the  usefulness  of  the  analytical  methods 
cons idered . 

DEFPIG 

DEFPIG  is  a  computer  program  that  uses  a  method 
based  on  the  solutions  presented  by  Poulos  (1971a  &  b)  to 
calculate  the  behavior  of  a  group  of  piles  under  lateral 
loading.  The  deflection  of  an  isolated  pile  is  determined 
by  assuming  the  soil  mass  behaves  as  an  elastic  half  space 

and  by  integrating  Mindlin's  equation.  Interaction 
factors,  akj,  that  represent  the  displacement  of  pile  k 

due  to  a  unit  load  on  pile  j,  divided  by  the  displacement 
of  pile  k  due  to  its  own  unit  load  are  calculated.  Then, 
for  each  pile,  an  equation  of  the  following  form  can  be 
written : 
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=  p,  (  I  H  a,  +  h.  ) 


where 


ak  j  ■ 


pile  group  deflection 

deflection  of  an  isolated  pile  under  a  unit 
load 

horizontal  load  on  pile  j 

number  of  piles  in  the  group 

displacement  of  pile  k  due  to  pile  i 
displacement  of  pile  k  due  to  its  own  load. 


Using  these  equations  and  an  equation  that  states  that  the 
sum  of  the  loads  on  each  pile  is  equal  to  the  total  load 
on  the  group,  DEFPIG  solves  for  the  load  on  each  pile  and 
the  deflection  of  the  group.  The  program  allows  the  user 
to  model  local  yielding  of  the  soil  and  to  use  an  elastic 
modulus  that  varies  with  depth.  DEFPIG  cannot  provide  the 
user  with  moment  or  deflection  curves  as  a  function  of 
depth  or  the  response  of  the  group  to  cyclic  loading. 

For  the  DEFPIG  analysis  performed  for  these 
comparisons  the  modulus  of  elasticity  of  the  soil  was 
assumed  to  increase  linearly  with  depth  according  to  the 
equat ion 


where 


Es  =  modulus  of  elasticity  of  the  soil  (psi) 
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k 


a  constant 


x  =  depth  below  the  ground  surface  (in.)  . 

The  measured  load-deflection  relationship  for  cycle  1 
of  the  single-pile  load  test  was  used  to  obtain 
appropriate  values  of  the  parameter  k  to  use  in  the 
analysis  of  the  group.  Shown  in  Fig.  6.1  is  the  measured 
load-deflection  relationship  for  cycle  1  of  the  single¬ 
pile  load  tests  and  linear  load-de fleet  ion  relationships 
for  various  values  of  k.  For  each  value  of  k  the  load  was 
selected  at  which  the  measured  single  pile  deflection 
matched  the  deflection  calculated  by  the  elastic  analysis. 
These  loads  were  then  used  with  the  corresponding  values 
of  k  in  DEFPIG  to  predict  the  behavior  of  the  group  of 
piles . 


Leading 


The  load  vs.  deflection  curve  calculated  using  DEFPIG 
is  shown  in  Fig.  6.2  along  with  points  representing 
measured  loads  and  deflections  for  cycle  1  of  the  load 
test  of  the  group  of  piles.  In  this  case,  the  results  of 
the  DEFPIG  analysis  agree  with  the  measured  points  for 
lower  load  levels,  and  overpredict  deflections  by  up  to 
about  18  percent  for  higher  load  levels. 
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Fig.  6.2.  Comparison  of  measured  deflections  with 
deflections  computed  by  DEFPIG  without  local  yield. 
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The  distribution  of  the  load  to  the  piles  in  the 
group  calculated  with  program  DEFPIG  is  compared  with 
typical  measured  load  distributions  and  shown  in  Figs.  6.3 
and  6.4.  The  measured  load  distribution  shows  that  the 
leading  row  of  piles  takes  the  largest  portion  of  the 
load,  and  the  trailing  row  takes  the  smallest  portion. 
The  load  distribution  calculated  with  DEFPIG  indicates 
that  the  leading  and  trailing  rows  of  piles  take  the  same 
portion  of  the  load  applied  to  the  group  while  the  middle 
row  takes  a  smaller  portion.  The  DEFPIG  distribution  also 
indicates  that  the  corner  piles  take  the  largest  load  and 
the  center  pile  takes  the  smallest  load. 


For  the  calculation  of  the  behavior  of  the  group 


of  piles  using  DEFPIG  with  local  yielding,  the  modulus  of 
elasticity  of  the  soil  was  assumed  to  vary  linearly 

according  to  the  equation 
Es  =  75x 

where 

Es  =  modulus  of  elasticity  of  the  soil,  psi 

x  =  depth  below  ground  surface,  in. 

The  pressures  at  which  the  soil  was  assumed  to  yield 
correspond  to  the  maximum  soil  pressures  calculated 
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Portion  of  Load 
Taken  by  Each  Row 
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Values  shown  represent  the  pile-head  load 
divided  by  the  average  pile-head  load. 
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according  to  the  modified  Reese,  Cox  and  Koop  procedure 
described  in  Chapter  5. 

The  load  vs.  deflection  curve  calculated  using 
DEFPIG  with  local  yielding  is  shown  in  Fig.  6.5  along  with 
points  representing  measured  loads  and  deflections  for 
cycle  1  of  the  load  test  of  the  group  of  piles.  The 
agreement  is  quite  good. 

The  distribution  of  the  load  to  the  piles  in  the 
group  calculated  with  DEFPIG  using  local  yielding  is 
compared  with  typical  measured  load  distributions  as  shown 
in  Figs  6.6  and  6.7.  Including  local  yielding  in  the 
DEFPIG  calculation  does  not  change  the  load  distribution 
much.  The  comments  made  on  the  distribution  of  load 
calculated  with  DEFPIG  without  local  yielding  also  apply 
to  the  distribution  calculated  with  local  yielding. 

Summary 

Program  DEFPIG  appears  to  be  useful  for 
calculating  the  load- vs . -de f lect ion  relationship  for  a 
group  of  piles  under  lateral  load.  The  distribution  of 
the  load  to  the  piles  in  the  group  calculated  using  DEFPIG 
does  not  correspond  well  with  the  distribution  of  load 
measured  in  the  load  test  described  herein.  The  maximum 
moment  in  the  group  of  piles  cannot  be  calculated  with 
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Fig.  6.6.  Comparison  of  measured  load  distribution  with 
load  distribution  computed  by  DEFPIG  with  local  yield. 
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OEFPIG,  and  the  cyclic  loading  case  cannot  be  considered 
with  DEFPIG. 

FOCHT-KOCH  METHOD 

Focht  and  Koch  (1973)  presented  a  method  of 
calculating  the  behavior  of  a  group  of  piles  that  combined 
analysis  of  a  single  pile  using  a  nonlinear  p-y  curve  with 
the  elastic-group  interaction  described  by  Poulos.  In  the 
Focht-Koch  method  the  deflection  of  a  single  pile  under  a 
given  horizontal  load  is  determined  both  by  using  p-y 
curves  and  the  elastic  half-space  analysis  of  Poulos.  A 
relative  stiffness  factor  is  then  calculated  according  to 
R  *  Ys/PH 

where 

R  =  relative  stiffness  factor 

Yg  =  deflection  of  an  isolated  pile  calculated 

by  p-y  analysis 

pH  =  deflection  for  an  isolated  pile  calculated 


by  elastic  analysis 

Then  for  each  pile  an  equation  can  be  written 


m 


where 


Pc  =  P.H  <  +  RH*> 

3  =  1 
3** 


Pq  =  pile  group  deflection 


=  horizontal  load  on  pile  j 


displacement  of  pile  k  due  to  its  own  load 


m  =  number  of  piles  in  the  group. 

1'sing  these  equations  and  an  equation  that  states  that  the 
sum  of  the  loads  on  each  pile  is  equal  to  the  total  load 
on  the  group,  the  load  on  each  pile  and  the  deflection  of 
the  group  can  be  found.  The  curves  for  moment  and 
deflection  for  the  pile  with  the  largest  load  can  then  be 
calculated  by  multiplying  the  deflection  values  of  the  p-y 
curves  used  in  the  analysis  of  the  isolated  pile  by  a 
constant,  ’/mult'  such  that  the  pile-head  deflection 

computed  with  the  resultant  p-y  curves  is  equal  to  the 
deflection  of  the  group.  This  constant  is  found  by 
successive  trials. 


The  load  vs.  deflection  curve  for  static  loading 


calculated  using  the  Fccht-Koch  method  is  shown  in  Fig. 
•5.3  along  with  points  representing  measured  loads  and 
deflections  for  cycle  1  of  the  load  test  of  the  group  of 
piles.  In  this  case  the  agreement  between  calculated  and 
measured  deflection  is  good. 

The  curve  of  load  vs.  maximum  moment  for  static 
loading  calculated  using  the  Focht-Koch  method  is  shown  in 
Fig.  5.9,  along  with  points  representing  the  measured 
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Fig.  6.9.  Comparison  of  measured  maximum  moments  with 
static  maximum  moments  computed  by  the  Focht-Koch  method 
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maximum  moments  and  loads  for  cycle  1  of  the  load  test  of 


:he  group  of  piles.  The  agreement  between  calculated  and 


measured  maximum  moment  is  good  for  lower  load  levels 


For  higher  levels  the  Focht-Koch  method  underpredicted 


moments  by  up  to  47  percent.  The  higher  moments  may  be 


due  in  part  to  the  rotation  of  the  pile  group  around  a 


vertical  axis  as  the  load  test  proceeded. 


i’he  distribution  of  the  load  to  the  piles  in  the 


group  calculated  by  the  Focht-Koch  method  is  compared  with 


typical  measured  load  distributions  for  static  loading  in 


Fig.  6.10  and  6.11.  The  measured  load  distribution  shows 


that  the  leading  row  of  piles  takes  the  largest  portion  of 


the  load,  and  the  trailing  row  takes  the  smallest  portion. 


The  load  distribution  calculated  using  the  Focht-Koch 


method  shows  a  pattern  similar  to  that  calculated  with 


DEFPIG:  the  outside  piles  take  a  larger  load  than  the 


interior  pile,  and  the  distribution  is  more  nearly  uniform 


than  the  measured  distribution. 


The  load-vs . -de f lect ion  curve  for  cyclic  loading 


raiculated  using  the  Focht-Koch  method  is  shown  in  Fig. 


6.12  along  with  points  representing  measured  loads  and 


deflections  for  cycle  100  of  the  load  test  of  the  group. 
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Fig.  6.11.  Comparison  of  measured  load  distribution  with 
load  distribution  computed  by  the  Focht-Koch  method 

(continued) . 
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Fig.  6.12.  Comparison  of  measured  deflections  with  cyclic 
deflections  computed  by  the  Focht-Koch  method. 
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In  this  case  the  agreement  between  the  calculated  and 
measured  deflections  is  good. 

The  curve  for  the  load  vs.  maximum  moment  for 
cyclic  loading  from  the  Focht-Koch  method  is  shown  in  Fig. 
6.13  along  with  points  representing  the  measured  maximum 
moments  and  loads  for  cycle  100  of  the  load  test.  The 
agreement  between  measured  and  calculated  maximum  moments 
is  good  for  low  levels  of  load.  For  the  higher  loads,  the 
Focht-Koch  method  underpredicted  moments  by  up  to  75 
percent.  Again,  the  higher  measured  moments  may  be  due  in 
part  to  the  rotation  of  the  pile  group  around  a  vertical 
axis  as  the  load  test  proceeded. 

The  distribution  of  the  load  to  the  piles  in  the 
group  from  the  Focht-Koch  method  is  compared  with  typical 
measured  distributions  for  cyclic  loading  and  is  shown  in 
Figs.  6.14  and  6.15.  The  measured  loads  show  the  leading 
row  taking  a  larger  portion  of  the  load.  The  calculated 
loads  show  a  more  uniform  distribution. 

Smaaary 

The  curve  of  load  vs.  deflection  calculated 
using  the  Focht-Koch  method  agreed  relatively  well  with 
the  measured  deflections  of  the  group.  Maximum  moments 
calculated  with  the  Focht-Koch  method  were  smaller  than 
the  measured  values  at  higher  load  levels.  The 
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Fig.  6.13.  Comparison  of  measured  maximum  moments  with 
cyclic  maximum  moments  computed  by  the  Focht-Koch  method. 
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Values  shown  represent  the  pile-head  load 
divided  by  the  average  pile-head  load. 


Fig.  6.14.  Comparison  of  measured  load  distribution  with 
load  distribution  computed  by  the  Focht-Koch  method. 
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Measured  Load  Distribution 
Compression  Stroke  Cycle  100 
Load  -  174  k  (19.30  K/  pile) 


Portion  of  Load 
Taken  by  Each  Row 
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23% 


Load  Distribution  Calculated  by 

Focht  &  Koch  Method  Portion  of  Load 


Values  shown  represent  the  pile-head  load 
divided  by  the  average  pile-head  load. 

Fig.  6.15.  Comparison  of  measured  load  distribution  with 
load  distribution  computed  by  the  Focht-Koch  method 

(continued) . 
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distribution  of  loads  to  piles  in  the  group  calculated 
with  the  Focht-Koch  method  was  much  more  uniform  than  the 
distributions  that  were  measured. 

SINGLE-PILE  METHOD 

Reese  (1984)  presented  a  method  of  calculating 
the  behavior  of  a  group  of  piles  that  was  intended  to 
establish  an  upper  bound  on  the  pile  group  deflection  and 
bending  moment.  In  this  method,  p-y  curves  are  generated 
for  an  imaginary  pile  according  to  standard  procedures. 
The  diameter  of  the  imaginary  pile  is  taken  as  the 
circumference  of  the  group  divided  by  1C.  The  stiffness  of 

the  imaginary  pile  is  taken  as  the  sum  of  the  stiffnesses 
of  the  individual  piles.  The  shear  and  moments  obtained 
from  the  analysis  of  the  imaginary  pile  are  then 
distributed  equally  among  the  piles  in  the  group  (assuming 
all  piles  in  the  group  have  the  same  stiffness)  .  The 
deflection  of  the  group  is  taken  to  be  equal  to  the 
deflection  of  the  imaginary  pile. 

Calculated  Behavior  of  the  Group  of  Piles _ Using  tha 

Singll-Pill  Method _ for  Static  Loading 

The  curve  of  load  vs.  deflection  for  static 
loading,  calculated  using  the  single-pile  method,  is  shown 
in  Fig.  6.16  along  with  points  representing  measured  loads 
and  deflections  for  cycle  1  of  the  load  test  of  the  group. 
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In  this  case,  the  single-pile  method  significantly 
overpredicted  the  measured  deflections. 

The  curve  of  load  vs.  maximum  moment  for  static 
loading,  calculated  using  the  single-pile  method,  is  shown 
in  Fig.  6.17  along  with  points  representing  measured 
maximum  moments  for  cycle  1  of  the  load  test  of  the  group. 
The  agreement  between  calculated  and  measured  maximum 
moments  is  good  for  low  levels  of  load,  but  the  single¬ 
pile  method  underpredicted  measured  maximum  moments  for 
higher  loads. 

The  single-pile  method  assumes  that  the  load  on 
the  group  is  uniformly  distributed  among  the  individual 
piles.  This  does  not  agree  with  the  measured  distribution 
of  load. 

Calculated  Behavior  of  the  Group  of  Pile* _ Using  tha 

Slaglt-glla  Mtttfaod _ for  Cyclic  Loading 

The  curve  of  load  vs.  deflection  for  cyclic 
loading,  calculated  using  the  single-pile  method,  is  shown 
in  Fig.  6.18  along  with  points  representing  measured  loads 
and  deflections  for  cycle  100  of  the  load  test  of  the 
group.  The  single-pile  method  overpredicted  deflections 
for  all  load  levels. 

The  curve  of  load  vs.  maximum  moment  for  cyclic 
loading,  calculated  using  the  single-pile  method,  is  shown 
in  Fig.  6.19  along  with  points  representing  measured 
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Fig.  6.19.  Comparison  of  measured  maximum  moments  with 
yclic  maximum  moments  computed  by  the  single-pile  method 


maximum  moments  for  cycle  100  of  the  load  test  of  the 
group.  In  this  case  the  agreement  between  calculated  and 
measured  maximum  moments  is  good. 


Summary 

For  static  loading,  the  single-pile  method 
overpredicted  measured  deflections.  The  method  showed 
good  agreement  with  measured  maximum  moments  for  low 
levels  of  load  but  underpredicted  maximum  moments  at 
higher  levels  of  load.  For  cyclic  loading,  the  single¬ 
pile  method  overpredicted  measured  deflections,  but  showed 
good  agreement  with  measured  maximum  moments.  The  single¬ 
pile  method  assumes  a  uniform  distribution  of  load  to  the 
individual  piles.  This  does  not  agree  with  the  measured 
behavior  of  the  group. 

BOGARD-MATLOCK  METHOD 

Bogard  and  Matlock  (1983)  presented  a  method  of 
calculating  the  behavior  of  a  group  of  piles  that  combined 
the  behavior  of  an  isolated  pile  with  the  behavior  of  a 
large  imaginary  pile,  similar  to  that  defined  in  the 
single-pile  method.  In  this  method  p-y  curves  are 
generated  for  an  isolat  »d  pile  according  to  a  standard 
procedure.  Also,  p-y  curves  are  generated  for  an 
imaginary  pile  in  the  same  way  as  specified  previously  for 
the  single-pile  method.  The  p-y  curves  for  the  imaginary 
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pile  are  modified  by  dividing  the  soil  resistance,  p,  by 
the  number  of  piles  in  the  group  and  dividing  the 
deflection,  y,  by  the  pile  spacing  expressed  in  pile 
diameters.  The  p-y  curves  for  the  individual  pile  are 
then  combined  with  the  modified  p-y  curves  for  the 
imaginary  pile  by  adding  the  two  values  of  deflection  for 
a  corresponding  soil  resistance  value.  The  maximum  soil 
resistance  is  the  smaller  value  of  the  two  curves.  The 
method  of  generating  these  p-y  curves  is  demonstrated  in 
Fig.  6.20.  The  load  in  the  group  is  assumed  to  be 
distributed  equally  among  the  piles  in  the  group.  The 
deflection  of  a  pile  in  the  group,  and  its  moment  curve 
can  be  obtained  using  the  derived  p-y  curves. 

For  cyclic  loading,  Bogard  and  Matlock 
recommended  generating  the  modified  p-y  curves  for  the 
imaginary  pile  with  a  procedure  for  static  loading. 
Bogard  and  Matlock  developed  their  method  using  the 
results  of  an  experiment  with  a  group  of  piles  in  soft 
clay,  where  the  degradation  of  soil  response  due  to  cyclic 


loading 

is  due  prima 

rily  to 

the  formation  of 

a  gap  around 
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behavior  of  the  group  as  a  whole.  For  this  reason,  the 
results  of  cycle  100  of  this  load  test  are  compared  to  the 
results  of  the  Bogard-Mat lock  method  using  both  a  static 
and  cyclic  procedure  to  generate  the  modified  p-y  curves 
for  the  imaginary  pile. 

Calculated  Behavior  of  tha  Group  of  Pilea  Using  the 
Bogard-Mat lock  Method  for _ Static  Loading 

The  curve  of  load  vs.  deflection  for  static 
loading  is  shown  in  Fig.  6.21  along  with  points 
representing  measured  loads  and  deflections  for  cycle  1  of 
the  load  test  of  the  group.  In  this  case,  the  Bogard- 
Matlock  method  slightly  overpredicts  the  measured 
deflections . 

The  curve  of  load  vs.  maximum  moment  for  static 
loading,  calculated  using  the  Bogard-Mat lock  method,  is 
shown  in  Fig.  6.22  along  with  points  representing  measured 
maximum  moments  for  cycle  1  of  the  load  test  of  the  group. 
The  Bogard-Mat lock  method  underpredicted  the  measured 
maximum  moments  by  up  to  48%.  The  higher  measured  moments 
may  be  due  in  part  to  the  rotation  of  the  pile  group 
around  a  vertical  axis  as  the  test  proceeded. 


The  Bogard-Mat lock  method  assumes  that  the  load 
on  the  group  is  uniformly  distributed  among  the  individual 
piles.  This  does  not  agree  with  the  measured  distribution 
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Fig.  6.21.  Comparison  of  measured  deflections  with  static 
deflections  computed  by  the  Bogard-Matlock  method. 
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Fig.  6.22.  Comparison  of  measured  maximum  moments  with 
static  maximum  moments  computed  by  the  Bogard-Matlock 

method . 
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The  curves  of  load  vs.  deflection  for  cyclic 
loading,  calculated  with  the  Bogard-Matlock  method,  using 
both  static  and  cyclic  procedures  to  generate  the  modified 
p-y  curves  for  the  imaginary  pile,  are  shown  in  Fig.  6.23 
along  with  points  representing  measured  loads  and 
deflections  for  cycle  100  of  the  load  test  of  the  group. 
The  Bogard-Matlock  method,  using  either  procedure  to 
generate  modified  p-y  curves  for  the  imaginary  pile, 
overpredicts  deflections  at  lower  load  levels.  When  the 
static  procedure  is  used  to  generate  p-y  curves  for  the 
imaginary  pile,  there  is  good  agreement  between  measured 
and  calculated  deflections  at  higher  load  levels.  When 
the  cyclic  procedure  is  used,  the  method  overpredicts  the 
measured  deflections. 

The  curves  of  load  vs.  maximum  moment  for  cyclic 
loading,  calculated  with  the  Bogard-Matlock  method,  using 
both  static  and  cyclic  procedures  to  generate  modified  p-y 
curves  for  the  imaginary  pile,  are  shown  in  Fig.  6.24 
along  with  points  representing  measured  maximum  moments 
for  cycle  100  of  the  load  test  of  the  group.  In  this 
case,  the  Bogard-Matlock  method,  using  the  static 
procedure  to  generate  modified  p-y  curves  for  the 
imaginary  pile,  underpredicts  measured  maximum  moments  by 
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Fig.  6.23.  Comparison  of  measured  deflections  with  cyclic 
deflections  computed  by  the  Bogard-Mat lock  method. 
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Fig.  6.24.  Comparison  of  measured  maximum  moments  with 
cyclic  maximum  moments  computed  by  the 
Bogard-Matlock  method. 


up  to  60% .  When  the  cyclic  procedure  is  used  to  generate 
the  modified  p-y  curves  for  the  imaginary  pile  the 
agreement  between  calculated  and  measured  maximum  moments 
is  good. 

S.umaaxy. 

For  static  loading  the  Bogard-Matlock  method 
overpredicted  measured  deflections  and  underpredicted 
measured  maximum  moments.  For  cyclic  loading  two 
procedures  can  be  used  to  generate  modified  p-y  curves  for 
the  imaginary  pile.  When  the  static  procedure  is  used, 
the  Bogard-Matlock  method  overpredicts  deflections  for  low 
load  levels  and  underpredicts  maximum  moments  for  all  load 
levels.  When  the  cyclic  procedure  is  used,  the  Bogard- 
Matlock  method  overpredicts  deflections,  but  shows  good 
agreement  with  measured  maximum  moments.  The  Bogard- 
Matlock  method  assumes  a  uniform  distribution  of  load  to 
the  individual  piles.  This  does  not  agree  with  the 
measured  group  behavior. 

CONCLUDING  COMMENT 

The  results  of  comparisons  between  the  measured 
behavior  of  the  group  of  piles  and  the  behavior  calculated 
by  several  analytical  procedures  have  been  presented  in 
this  chapter.  These  results  are  summarized  in  Table  6.1. 
Although  several  of  the  methods  were  successful  in 


Bogard-Mattock  U  Overprediction  Good  agreement  Too 

(cyclic  imaginary)  |  -  -  * '  *  uniform 


predicting  either  deflections  or  maximum  moments,  no 
method  was  able  to  make  correct  predictions  of 
deflections,  maximum  moments,  and  the  distribution  of  load 
to  the  piles.  This  fact  suggests  that  areas  of  agreement 
between  measured  and  calculated  results  could  be  due  to 
coincidence  rather  than  a  correct  modeling  of  the 
mechanics  of  group  behavior. 


CHAPTER  7 


A  PROCEDURE  FOR  CALCULATING  THE  BEHAVIOR  OF  THE 
TESTED  GROUP  OF  PILES 

INTRODUCTION 

Presented  in  this  chapter  is  a  procedure  for 
calculating  the  behavior  of  a  group  of  closely-spaced 
piles  under  lateral  loadings.  The  procedure  is  based  on 
the  results  of  the  testing  of  the  group  considered  in  this 
report.  The  procedure  allows  the  calculation  of  the 
deflection  of  the  group,  the  maximum  bending  moment,  and 
the  distribution  of  load  to  the  individual  piles.  The 
procedure  is  intended  to  be  one  step  toward  a  better 
understanding  of  the  behavior  of  groups  of  piles  in  sand. 
Design  professionals  choosing  to  use  this  procedure  should 
carefully  consider  differences  between  their  design 
problem  and  the  details  of  the  test  considered  in  this 
report . 

IMPORTANT  ASPECTS  OF  GROUP  BEHAVIOR 

Some  aspects  of  the  behavior  of  the  group  noted 
from  the  results  of  the  load  test  were  not  taken  into 
account  by  any  of  the  analytical  methods  examined  in 
Chapter  6.  These  aspects  are  important  to  the  behavior  of 


the  group,  and  will  be  taken  into  account  in  the  proposed 
procedure . 


It  should  be  noted  that  the  distribution  of  load 


to  the  individual  piles  in  the  group  is  not  uniform.  In 


both  the  static  and  cyclic  cases,  the  leading  row  carried 


the  largest  share  of  the  load,  and  the  trailing  row 


carried  the  smallest  share  of  the  load.  No  clear  pattern 


could  be  detected  in  the  distribution  of  load  to  the  piles 


in  an  individual  row.  In  the  proposed  procedure  the  load 


will  be  distributed  equally  among  the  piles  in  an 


individual  row,  but  each  row  will  carry  a  different 


portion  of  the  load. 


Also,  it  should  be  noted  from  the  measured  p-y 


curves  shown  in  Chapter  5  for  the  piles  in  the  group  that 


the  ultimate  soil  resistance  is  different  for  different 


rows.  The  ultimate  soil  resistance  for  piles  in  the 


leading  row  is  larger  than  the  ultimate  resistance  for  the 


middle  row  which  is  in  turn  larger  than  that  for  the 


trailing  row.  This  suggests  that  the  p-y  curves  for  the 


piles  in  the  group  should  be  modified  by  a  p-factor  as 


proposed  by  Brown  and  Reese  (1985)  rather  than  by  a  y- 


factor  as  used  by  Focht  and  Koch  (1973),  and  that 


different  p-factors  should  be  used  for  piles  in  different 


DEMONSTRATION  OF  THE  PROPOSED  PROCEDURE 


The  proposed  procedure  is  used  here  to  calculate 
a  load- vs . -deflect ion  curve,  a  load  vs.  maximum  moment 
curve,  and  the  distribution  of  load  to  the  individual 
piles  for  both  static  and  cyclic  loading  of  the  group  used 
in  the  load  test.  The  calculated  results  are  compared 
with  the  measured  results  of  the  load  tests, 
static  Carr 

Separate  sets  of  p-y  curves  are  first  generated 
for  each  row  of  piles.  These  curves  are  generated  by 

multiplying  the  soil-resistance  values  of  the  p-y  curves 
for  an  isolated  pile  by  a  factor,  pmult.  For  the  case 

considered  here  the  p-y  curves  for  the  isolated  pile  were 
generated  using  the  modified  Reese,  Cox,  and  Koop 
procedures  for  static  loading  described  in  Chapter  5.  The 
factors  applied  to  the  soil-resistance  values  were  0.8, 
0.4,  and  0.2,  for  the  leading  row,  middle  row  and 
trailing  row  respectively.  These  factors  were  determined 
by  trial.  That  they  are  appropriate  is  demonstrated  by 
the  curves  for  load  vs.  deflection  and  for  load  vs. 
maximum  moment  shown  in  Figs.  7.1  through  7.6.  The  curves 
were  calculated  using  the  p-y  curves  generated  with  the 
soil  resistance  factors  and  are  shown  with  points 
representing  measured  deflections  and  maximum  moments  for 
the  individual  piles . 
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Fig.  7.2.  Comparison  of  measured  maximum  moments  for  the 
static  case  with  the  computed  maximum  moments  for  the 

leading  row  of  piles. 
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Fig.  7.3.  Comparison  of  measured  deflections  for  the 
static  case  with  the  computed  deflections  for 
the  middle  row  of  piles. 
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g.  7.4.  Comparison  of  measured  maximum  moments  for  the 
static  case  with  the  computed  maximum  moments  for  the 

middle  row  of  piles. 


Fig.  7.5.  Comparison  of  measured  deflections  for  the 
static  case  with  the  computed  deflections  for  the 
trailing  row  of  piles. 
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Fig.  7.6.  Comparison  of  measured  maximum  moments  for  the 
static  case  with  the  computed  maximum  moments  for  the 
trailing  row  of  piles  with. 


Using  the  load  deflection  curves  for  the  piles 
in  the  individual  rows  shown  in  Figs.  7.1,  7.3,  and  7.5, 
an  average  pile-head  load  vs.  deflection  curve  is 
constructed  by  averaging  the  pile  head  loads  for  a  given 
deflection.  This  curve  is  shown  in  Fig.  7.7  and 
represents  the  load  vs.  deflection  curve  for  the  group  as 
a  whole.  The  curve  is  plotted  again  in  Fig.  7.8  along 
with  measured  deflections  of  the  group. 

The  curve  of  maximum  moment  vs.  load  for  the 
group  is  constructed  by  first  using  Fig.  7.7  to  determine 
the  maximum  load  on  an  individual  pile  for  a  given  average 
load  per  pile  for  the  group.  The  maximum  moment  for  the 
average  load  is  then  found  from  the  moment  corresponding 
to  the  maximum  load  in  Fig.  7.2.  The  curve  for  maximum 
moment  vs.  load  for  the  group  constructed  in  this  manner 
is  shown  in  Fig.  7.9  along  with  points  representing  the 
measured  maximum  moments. 

The  distribution  of  load  to  the  piles  in  the 
group  is  easily  determined  from  Fig.  7.7.  A  load 
distribution  determined  in  this  manner  is  compared  with  a 
typical  measured  load  distribution  in  Fig.  7.10. 

Cyclic _ £aaa 

The  proposed  design  procedure  is  the  same  for 
cyclic  loading.  First,  p-y  curves  are  generated  for  an 
isolated  pile  using  the  modified  Reese,  Cox  and  Koop 
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7.8.  Comparison  of  measured  deflections  for  the 
static  with  the  computed  deflections  by 
the  proposed  procedure. 
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9.  Comparison  of  measured  maximum  moments  for  the 
static  case  with  maximum  moments  computed 
by  the  proposed  procedure. 
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Fig.  7.10.  Comparison  of  the  measured  load  distribtion 
for  the  static  case  for  the  load  distribution 
computed  by  the  proposed  procedure. 
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procedure  for  cyclic  loading  described  m  Chapter  5. 


Factors  of  0.8,  0.4,  and  0.2,  for  the  leading,  middle  and 
trailing  rows,  respectively,  were  applied  to  the  soil 
resistance  values.  The  factored  p-y  curves  were  then  used 
to  calculate  the  curves  for  load  vs.  deflection  and  for 
load  vs.  maximum  moment  shown  in  Fig.  7.11  through  7.16. 

The  average-load-vs . -deflection  curve  for  the 
group  of  piles  was  constructed  using  the  same  procedure  as 
used  for  static  loading.  This  curve  is  shown  in  Fig.  7.17 
and  again  in  Fig.  7.18  with  points  representing  measured 
deflections  of  the  group. 

The  load-vs . -maximum  moment  curve  for  cyclic 
loading  is  constructed  using  the  same  procedure  as  used 
for  static  loading.  The  curve  is  shown  in  Fig.  7.19  along 
with  points  representing  measured  maximum  moments  in  the 
group . 

The  distribution  of  load  to  the  individual  piles 
in  the  group  is  easily  determined  from  Fig.  7.17.  The 
distribution  of  load  determined  in  this  manner  is  compared 
with  a  typical  measured  load  distribution  in  Fig.  7.20. 


CONCLUDING  COMMENT 

The  proposed  design  procedure  was  successful  in 
calculating  the  behavior  of  the  group  of  piles  used  in  the 


load  test  described  in  this  report.  This  is  not 
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7.H.  Comparison  of  measured  deflections  for  the 
yclic  case  with  the  computed  deflections  for  the 
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7.12.  Comparison  of  measured  maximum  moments  for  the 
cyclic  case  with  the  computed  maximum  moments  for 
the  leading  row  of  piles. 
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Fig.  7.13.  Comparison  of  measured  deflections  for  the 
cyclic  case  with  computed  deflections  for  the 
middle  row  of  piles. 
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'ig.  7.14.  Comparison  of  measured  maximum  moments  for  the 
cyclic  case  with  the  computed  maximum  moments  for  the 

middle  row  of  piles. 
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Fig.  7.15.  Comparison  of  measured  deflections  for  the 
cyclic  case  with  the  computed  deflections  for 
the  trailing  row  of  piles. 
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Fig.  7.16.  Comparison  of  measured  maximum  moments  for  the 
cyclic  case  with  the  computed  maximum  moments 
for  the  trailing  row  of  piles. 
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Fig.  7.18.  Comparison  of  measured  deflections  with  cyclic 
deflections  computed  by  the  proposed  procedure. 
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Fig.  7.19.  Comparison  of  measured  maximum  moments  with 
cyclic  maximum  moments  computed  by  the  proposed  procedure 


surprising  since  the  procedure  was  based  upon  the  load 


test.  The  critical  step  in  the  procedure  is  the 
determination  of  the  factors  applied  to  the  soil 
resistance  values  of  the  p-y  curves  for  an  isolated  pile. 
In  this  case  the  factors  were  determined  by  trial  and 
error.  For  other  cases,  the  factors  are  expected  to  vary 
with  pile  spacing,  pile  stiffness,  soil  stiffness,  and 
soil  strength.  Unfortunately,  the  data  obtained  from  this 
group  of  piles  provide  limited  insight  into  what  factors 
should  be  chosen  for  a  different  group  of  piles  in  a 
different  sand.  Data  from  other  pile  groups  are  necessary 
if  this  procedure  is  to  be  developed  into  a  design  method 
of  broad  applicability. 


3 

CHAPTER  8 


CONCLUSIONS 


This  report  has  described  load  tests  performed 
in  sand  on  a  single  pile  and  a  group  of  closely-spaced 
piles.  Both  the  single  pile  and  the  group  of  piles  were 
well-instrumented.  The  results  of  measurements  taken  are 
presented  in  Appendices  A,  B,  and  C,  and  are  summarized  in 
Chapter  5.  The  following  conclusions  can  be  drawn  from 
the  data : 


1 .  The  response  of  the  single  pile  to  lateral 
load  is  stiffer  than  the  response  of  the 
average  pile  in  the  group. 

2.  For  both  the  single  pile  and  the  piles  in 
the  group,  the  response  of  the  piles  to 
static  loading  is  stiffer  than  the  response 
to  cyclic  loading. 

3.  The  distribution  of  load  to  the  piles  in 
the  group  is  not  uniform.  The  leading  row 
takes  a  larger  portion  of  the  load  than  the 
middle  row  which  in  turn  takes  a  larger 
portion  than  the  trailing  row. 

4.  The  ultimate  soil  resistance  for  the 
leading  row  of  piles  is  larger  than  the 
ultimate  soil  resistance  for  the  middle  row 
which  in  turn  is  larger  than  that  for  the 
trailing  row. 

The  results  of  comparisons  between  the  measured 
behavior  of  the  pile  group  and  the  behavior  computed  by 
several  analytical  procedures  are  presented  in  Chapter  6. 
Although  several  of  the  methods  were  successful  in 


predicting  either  deflections  or  maximum  moments. 


no 


me“v~od  was  able  to  predict  both  correctly.  None  of  the 
methods  took  into  account  the  non-uniform  distribution  of 
load  distribution  that  was  observed  in  the  load  test,  or 
the  difference  in  ultimate  soil  resistance  observed  for 
piles  in  different  rows. 

A  procedure  for  calculating  the  behavior  of  the 
tested  group  of  piles  was  presented  in  Chapter  7.  The 
procedure  accounts  for  the  non-uniform  load  distribution 
and  the  difference  in  ultimate  soil  resistance  for  piles 
in  different  rows.  The  procedure  was  successful  in 
calculating  the  behavior  of  the  group  of  piles  in  the  load 
test . 


The  information  presented  in  this  report  is 
judged  to  be  of  value  to  engineering  professionals  engaged 
in  the  design  of  groups  of  closely-spaced  piles  in  sand. 
The  computation  procedure  presented  in  Chapter  7  may  be  of 
limited  value  at  present  because  of  the  use  of  empirical 
factors  applied  to  the  ultimate  soil  resistance  for  an 
isolated  pile.  These  factors  are  expected  to  vary  with 
pile  spacing,  pile  stiffness,  soil  stiffness,  and  soil 
strength.  Further  research,  including  additional  load 
testing,  is  probably  required  over  a  range  of  the 
controlling  variables  in  order  to  develop  sound  procedures 
for  predicting  the  behavior  of  pile  groups  in  sand. 
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APPENDIX  A 


Results  of  the  load  test  of  the  single  pile, 

October  11,  1984 
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APPENDIX  C 


Results  of  the  load  test  of  tha  group  of  piles, 

December  13,  1984 
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AT  LOAD 

point: 

DEFL  >.80  -.78  -.51  -.66  -.49  -.66  -.80  -.60  -.69 

SLOPE  .00757  .00812  .00906  .00611  .00601  .00516  .00596  .00894  .00859  .0C7U0 

LOAD  -7.21  -10.33  -13.30  -6.15  -8.11  -7.29  -5.40  -7.76  -12.46  -8.67 
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